Abstract An optimised version of the Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) method for simultaneous determination of 14 organochlorine pesticides in carrots was developed using gas chromatography coupled with electron-capture detector (GC-ECD) and confirmation by gas chromatography tandem mass spectrometry (GC-MS/MS). A citrate-buffered version of QuEChERS was applied for the extraction of the organochlorine pesticides, and for the extract clean-up, primary secondary amine, octadecyl-bonded silica (C18), magnesium sulphate (MgSO 4 ) and graphitized carbon black were used as sorbents. The GC-ECD determination of the target compounds was achieved in less than 20 min. The limits of detection were below the EU maximum residue limits (MRLs) for carrots, 10-50 μg kg −1
Introduction
It is generally accepted that the main route of human exposure to pesticides occurs mainly through diet (Beard et al. 2006) . Therefore, the World Health Organization, the Food and Agricultural Organization of the United Nations, the Codex Alimentarius Commission, the EU Commission and the US Environmental Protection Agency, among others, enacted the admissible pesticide residue levels in food, drinking water and environmental samples (Stoytcheva 2011) .
Organochlorine pesticides (OCPs) were widely and intensively used, and due to their relative stability and bioaccumulation property, these persistent chemicals can be transferred and magnified to higher trophic levels through the food chain (Chung and Chen 2011) . OCPs have been banned for agricultural or domestic uses in Europe, North America and many countries of South America in accordance with the Stockholm Convention in the 1980s based on their mutagenic, carcinogenic and endocrine-disrupting properties; however, they still can be found in environmental samples due to their persistence and lipophilic properties (Lesueur et al. 2008; Chung and Chen 2011; Fernandes et al. 2011; Negoita et al. 2003) . Also, in Portugal, according to the legislation (Decreto-Lei no 347/88 and Portaria no 660/88), the OCPs were banned since the 1980s (Cruz et al. 2003) with the exception of more recent prohibitions (by EU of lindane in 2002, methoxychlor in 2003 and endosulfan in 2007) .
Vegetables, fruits and grains are a very significant part of food consumption for human beings and cattle. Food of agricultural origin and most especially animal fat account for the majority of the exposure of most Europeans and North Americans to a range of persistent, toxic, environmental contaminants (Mclachlan 1996) . On the other hand, vegetation is the link between the atmosphere, soil and human food supply; therefore, contamination of plants will have a great influence on the total daily intake of a substance (Gonzalez et al. 2003) .
Carrot (Daucus carota L.) grows in contact with soil and contributes significantly to the overall agricultural income of several countries. It is also valuable for its good digestibility, more than 600 carotenoids, high contents of provitamin A and a myriad of phenolic compounds. Both epidemiological and nutritional studies have pointed out its positive impact on human health (Ranalli et al. 2004; Chopra et al. 2011) .
Due to the low detection limits usually required by regulatory bodies and the complex nature of the matrices, efficient sample preparation and convenient instrumentation are important issues to trace level analysis and to guarantee true and precise results at appropriately low limits of detection (Barriada-Pereira et al. 2010; Wiilkowska and Biziuk 2011) .
OCPs are hydrophobic compounds and are also strongly sorbed to matrix; therefore, the extraction is a critical sample preparation step in the analysis of these compounds (Stoytcheva 2011) . In the case of very sorptive samples, enhanced solvent extraction techniques such as sonication can easily result in higher recoveries (Ramos et al. 2008) .
Several procedures based on soxhlet extraction (Bernal et al. 1992) , solvent extraction (Waliszewski et al. 2008; Osman et al. 2011) , supercritical fluid extraction (Lehotay et al. 2002; Rahman et al. 2010) , matrix solid-phase dispersion (Albero et al. 2004; Liu et al. 2007 ), accelerated solvent extraction also known as pressurized-liquid extraction (Richter et al. 2001; Abad et al. 2010) , stir bar sorptive extraction (Barriada-Pereira et al. 2010 ) and dispersive liquid-liquid microextraction ) have been used for pesticide residue determination in carrots.
Anastassiades et al. introduced the Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) methodology as an original analytical method, combining the extraction/ isolation of pesticides from food matrices and extract clean-up (Anastassiades et al. 2003) . When comparing with other techniques, the QuEChERS method has proven to have several advantages due to being a rugged technique, easy to apply, giving excellent recoveries and involving less time and less solvent consumption (Lehotay 2005) . Originally, the QuEChERS methodology was developed for the extraction of pesticides from vegetables and fruits. Nonetheless, this method has recently been applied to other matrices and analytes (Angioni et al. 2011; Wiilkowska and Biziuk 2011) .
There have been conducted some studies using carrots and QuEChERS (Mezcua et al. 2009; Santilio et al. 2009; Wang and Leung 2009; Guan et al. 2010; Lehotay et al. 2010; Wang et al. 2010; Wong et al. 2010; Sack et al. 2011; Snopczynski et al. 2011; Srivastava et al. 2011) . Only four of these studies refer to OCP extraction from carrots (Mezcua et al. 2009; Guan et al. 2010; Wong et al. 2010; Srivastava et al. 2011) . Furthermore, of the four studies, only one presents the validation data for the carrot matrix (Guan et al. 2010) .
In the determination of OCPs, gas chromatography (GC) coupled to an electron-capture detector (ECD) has been considered highly sensitive (Fenik et al. 2011; Fernandes et al. 2011) . The GC coupled to mass spectrometry (MS) is used in confirmation due its power based on electron-impact ionization mass spectra (Alder et al. 2006) , and it is known that MS/MS presents advantages over GC-MS/selective ion monitoring (SIM) due to its specificity and sensitivity (Fernandes et al. 2011) .
The purpose of the present work was to develop and validate a simple and easy-to-use QuEChERS approach for the extraction, GC-ECD analysis and GC-MS/MS confirmation of 14 OCPs in carrots. The method has been validated according to the EC SANCO/10684/ 2009 directive (European Commission 2009). The final optimised and validated method has been applied to the analysis of 21 carrot samples. All samples with OCP residues above limits of detection (LOD) were confirmed by GC-MS/MS.
Material and Methods

Reagents and Materials
For this study, 14 OCPs were used: α-, β-, γ-and ζ-hexachlorocyclohexanes (HCH); hexachlorobenzene (HCB); o,p′-DDT ([1,1,1 trichloro-2,2-bis-(p-chlorophenyl) ethane]); p,p′-DDE ([2,2-bis(p-chlorophenyl)-1,1-dichloroethylene]); p,p′-DDD (dichlorodiphenyldichloro-ethane); aldrin; dieldrin; endrin; α-, β-endosulfan; and methoxychlor. Pesticide standards (purity >97.0 %) were obtained from Chemservice (West Chester, PA, USA), Dr. Ehrenstorfer GmbH (Augsburg, Germany) and Sigma-Aldrich Co. The internal standard (IS) of 4.4′-dichlorobenzophenone was purchased from SigmaAldrich. The n-hexane and the acetonitrile used were of HPLC grade from Merck.
Individual pesticide standard stock solutions were prepared in n-hexane with different concentrations. IS working solution (7,400 μg L −1 ) was also prepared in n-hexane. Working mixed standard solutions containing the 14 studied organochlorine pesticides and internal standard were prepared in several levels from stock solutions. Stock solutions were stored at −20°C. All working solutions were stored at 4°C.
Sample Collection
The carrot samples were collected between December 2010 and September 2011 from different Portuguese agricultural regions. The samples were from conventional or organic farms (more than 5 years of organic practices) (Table 1) .
Gas Chromatography Analysis
Gas Chromatography-Electron-Capture Detector
OCPs were analysed using a Shimadzu GC-2010 with an ECD detector, equipped with a capillary column of 30 m, ZB-XLB (0.25 mm i.d., 0.25 μm film thickness, ZebronPhenomenex). The oven temperature was programmed starting at 65°C and held for 2 min, followed by increases of 8°C/min to 160°C, then 2°C/min to 235°C, and then 15°C/min to 250°C. The injection port was at 250°C splitless mode, and the detection was carried out at 300°C. Helium (Linde Sogás) was used as carrier gas at a constant flow rate of 1.3 mL/min, whereas nitrogen (Linde Sogás, purity ≥99.999 %) was employed as makeup gas at a flow of 30 mL/min. The system was operated by GCSolution Shimadzu software. 
Gas Chromatography-Mass Spectrometry
In addition, the samples with positive results by GC-ECD were analysed using a Thermo Trace-Ultra gas chromatograph coupled to an ion trap mass detector Thermo Polaris, operated in the electron-impact ionization at 70 eV. The ion source temperature was 250°C and the MS transfer temperature, 250°C. The system was operated by Xcalibur v 1.3 software. Confirmation of residues was carried out by GC-MS/SIM and MS/MS using also a 30 m, ZB-XLB (0.25 mm i.d., 0.25 μm film thickness, Zebron-Phenomenex) column, previously cut around 2 m in the injector side. The injector was operated in the splitless mode; helium was used as carrier gas at a constant flow rate of 1.3 mL/min. The injector was maintained at 240°C. The oven temperature was programmed starting at 40°C and held for 2 min, followed by increases of 30°C/min to 220°C, held for 5 min, then 10°C/min to 270°C, and held for 1 min. For the identification of pesticides, the retention time and three ions, the NIST and Wiley pesticide libraries were used. Selected ions (m/z) used for confirmation are summarized in Table 2 . The MS/MS conditions were fixed for each compound, trying to select as precursor ion the one with the highest m/z ratio and abundance (Table 2) .
Sample Preparation and Extraction
The carrots previously homogenized by a centrifugal mill (from Retsch®, model Zm 200) operated at 18,000 rpm with a sieve with 1 mm were stored at −20°C until the analysis. A QuEChERS extraction procedure was developed for carrots. Homogenized sample was accurately weighed (precision, 0.1 mg) in a 50-mL polypropylene centrifuge tube. Two different sample sizes, 5 and 10 g, of carrots were studied. A volume of internal standard solution was added (67 μL). Samples were allowed to sit for approximately 1 h. Five types of QuEChERS extraction kits were evaluated: QuE1, with 6 g magnesium sulphate (MgSO 4 ), 1.5 g sodium chloride (NaCl), 0.750 g disodium hydrogenocitrate sesquihydrate (Na 2 HCit 1.5H 2 O), 1.5 g trisodium citrate dihydrate (Na 3 Cit 2H 2 O) from UCT®; QuE 2, with 1 g sodium citrate (NaCit), 0.5 g Na 2 HCit 1.5H 2 O, 4 g MgSO 4 , 1 g NaCl from Agilent®; QuE 3, with 6 g MgSO 4 and 1.5 g sodium acetate (NaOAc) from Thermo Scientific®; QuE 4, with 4 g MgSO 4 and 1 g NaCl from Thermo Scientific® and QuE 5, with 6 g MgSO 4 and 1.5 g NaOAC from Restek®.
Ten millilitres of acetonitrile (ACN) was added, and the resulting solution was shaken for 1 min by a VWR ANA-LOG vortex, to ensure that the solvent interacted well with the matrix. Next, the extraction sorbents were added (6 g of anhydrous magnesium sulphate, 1.5 g of sodium chloride, 1.5 g of trisodium citrate dehydrate and 0.75 g of disodium hydrogen citrate sesquihydrate), and this solution was also shaken by vortex to prevent salt agglomeration. After, the tubes were sonicated in an ultrasonic bath working at 50/ 60 Hz and 100 W from Raypa® (Spain) for 1 min. The extracts were then centrifuged for 5 min at 4,000 rpm in a Sartorius 2-16P-Spincontrol Universal model from Sigma® (Germany). A volume of 1.5 mL of prepared aliquot was sampled from the upper layer into another 2-mL centrifuge vial containing a clean-up sorbent. Two different clean-ups were also tested (1) with 150 mg MgSO 4 , 50 mg primary secondary amine (PSA), 50 mg C18 and 50 mg graphitized carbon black (GCB) from Agilent® and (2) with 150 mg MgSO 4 , 50 mg PSA and 50 mg C18 from UCT®; the tubes were capped tightly and vortexed for 1 min followed by centrifugation at 3,500 rpm for 5 min. An aliquot of the supernatant (1 mL) was transferred to a vial, and the extract was concentrated just to dryness using a gentle stream of nitrogen. The carrots residue was reconstituted in 1.0 mL of n-hexane. Finally, the sample was capped, vortexed and placed into an autosampler vial for analysis.
Method Validation
The experimental method was validated according to the European Union SANCO guidelines (EC SANCO/10684/2009 directive) (European Commission 2009). Linearity, sensitivity, precision (repeatability, in terms of percent relative standard deviation, RSD) and accuracy (percentage recoveries) were evaluated. Carrots without previously detected pesticides were used for the fortification and calibration experiments. Homogenized carrot samples were spiked prior to extraction by adding an appropriate volume of the stock standard solutions. The recovery experiments were conducted in four spiking levels 60, 80, 100 and 140 μg kg −1 of OCPs, and samples were processed according to the above-described QuEChERS approach. For each level of fortification, a triplicate number of samples was prepared, and the coefficient of determination for each group of samples with the same spiking level was determined. The LOD and the LOQ were determined by considering the slope of the calibration curve and the residual standard deviation of the regression line, calculated with the equations described elsewhere (Miller 1993) . The calibration curves for all the compounds in matrix were obtained by plotting the peak area against the concentration of the corresponding calibration standards at seven calibration levels between 10 and 140 μg kg −1 .
Results and Discussion
Selection of the Extraction and Clean-Up Procedure
The analysis of OCPs in complex matrices can be very difficult especially due to their lipophilicity. Carrots contain carbohydrates, pigments such as the carotenoids (that can retain OCPs), lipophilic vitamins (Miglioranza et al. 1999 ), minerals and water as the major nutritional contents. Several authors have pointed out that differences in the plant constitution, such as water content, fat, pigments, metabolites and texture, influence significantly the extraction efficiency of the analytical methodologies (Barriada-Pereira et al. 2010 ).
The original QuEChERS approach includes the extraction of 10 g of homogenized vegetable/fruit with 10 mL of ACN and addition of 4 g of MgSO 4 and 1 g of NaCl (Anastassiades et al. 2003) . With the aim of improving the recoveries in certain types of matrices as well as the recoveries of some analytes, the original methodology has suffered modifications (Wiilkowska and Biziuk 2011) .
New QuEChERS compositions have appeared on the market, and in this study, five QuEChERS compositions have been tested. Carrots are a complex matrix, and using merely original QuEChERS sorbents might not be sufficient to trap all the (non-polar) co-extracted compounds.
QuEChERS (QuE1 and QuE3) achieved, globally, better results for OCPs (Fig. 1 shows the recoveries obtained with these five QuEChERS with 5 g and the selected clean-up (1)). Both QuEChERS had MgSO 4 to facilitate solvent ) and using (1) as clean-up partitioning, to remove water from the organic phase and to improve recovery of polar analytes. The addition of disodium citrate sesquihydrate and trisodium citrate dehydrate-acting as buffers-proved to work well with the target analytes, as mentioned by other authors (Fernandes et al. 2011 ). QuECh-ERS 1 (QuE1) was selected in this work with carrot analysis.
Due to the presence of pigments in carrots, the use of a clean-up prior to GC analysis was required. Two clean-ups were tested, and both had C18-known to remove longchain fatty compounds, sterols and other non-polar interferences-and PSA-used to remove sugars, fatty acids, organic acids, lipids and some pigments (Wiilkowska and Biziuk 2011) . Using PSA in combination with C18 can remove additional lipids and sterols (Li et al. 2007 ). However, it was found that only the clean-up containing graphitized carbon black (GCB) (clean-up with 150 mg MgSO 4 , 50 mg PSA, 50 mg C18 and 50 mg GCB) (1) achieved a pigment-free extract. GCB is a strong sorbent and should be weakly polar or non-polar, to remove hydrophobic interaction-based compounds such as pigments (carotenoids), polyphenols and other polar compounds (Liu et al. 2011 ). In conclusion, the clean-up selected for the carrot samples was the one containing GCB (Fig. S1) .
Nevertheless, low recoveries of HCB were obtained as mentioned by other authors (Wiilkowska and Biziuk 2011) . Mean recovery values for this pesticide were of 5 %. With the introduction of a sonication step, we were able to increase this value to 19 %. Thus, it was observed that when sonication was used before the centrifugation step, better sensitivities and recoveries were obtained for all pesticides. The sonication causes an effect known as cavitation which provides a better contact between the matrix and the solvent extraction (Tadeo et al. 2010) . Furthermore, in the case of very sorptive samples, enhanced solvent extraction techniques can easily result in higher recoveries. For pesticides, ultrasonic energy has been reported to speed and improve the extraction efficiency (Ramos et al. 2008) . Therefore, the introduction of the sonication step was determinant to improve the recoveries.
Two different amounts of homogenized carrots were tested, 5 and 10 g (original method) (Anastassiades et al. 2003) . Table 3 shows the recoveries obtained with 5 and 10 g of the sample. The best results were obtained with 5 g. The original ratio 1:1 (ACN/weight of matrix) was modified, therefore, to 1 mL extraction solvent to 0.5 g of carrot. This ratio probably enhanced the contact between the matrix and the solvent, improving the recoveries. As far as the authors know, this ratio was never considered regarding QuEChERS application for pesticide extraction from carrots. Nonetheless, the results (Table 3) show that better recoveries can be achieved with this sample mass reduction. The optimised procedure for OCPs extraction is summarized in the experimental section.
The proposed procedure applying QuEChERS methodology proved to be simple and adequate to extract most of the selected OCPs from carrots for the following analysis in GC-ECD and the confirmatory step with GC-MS/MS.
Method Validation
A validation protocol of the optimised procedure was carried out in order to establish the performance characteristics of the method, ensuring the adequate identification, confirmation and quantification of the target compounds. The performance of the method was evaluated in terms of specificity, precision, linearity, recoveries and limits of detection and quantification.
Specificity was assessed by the analysis of a blank carrot sample extracted by the optimised QuEChERS method, in GC-ECD, and positive samples were confirmed by GC-MS/ MS. The GC-ECD is the most commonly used detector for the analysis of halogenated compounds, such as OCPs, due to its selectivity towards these compounds (Tekel and Hatrik 1996; Fernandes et al. 2011) . Figure 2 shows the chromatogram of a spiked carrot at 40 μg kg −1 . The gas chromatography method allowed a good separation of the selected OCPs in carrots. No interfering peaks were detected in the chromatographic range of interest, and no additional cleanup was necessary. For the quantification of the target compounds, it must be taken into account that carrot is a complex matrix that has a large amount of compounds that can interfere in the analyte signal, providing matrix effect (ME). MEs are known to be problematic in pesticide residue analysis, which can result in either decreased detection response or increased analytical signal (Wongsa and Burakham 2011) . Consequently, this effect was studied to ensure bias-free analytical results, analysing standard solutions of the OCPs in n-hexane (from 5 to 70 μg L −1 ) and matrix-matched standards at the same concentrations. MEs were evaluated by comparing the responses (areas) obtained with the known standards prepared in n-hexane with those prepared in blank carrot extract. Significant differences were observed, and consequently, MEs were confirmed for all the compounds (data not shown). Therefore, in order to compensate for these effects, matrix-matched standard calibration was used for quantification purposes (Table 4 ). An external calibration Fig. 2 GC-ECD chromatogram of a spiked sample at 40 μg kg −1 with a mixture of the 14 OCPs and IS. 1 α-HCH, 2 HCB, 3 β-HCH, 4 lindane (γ-HCH), 5 δ-HCH, 6 aldrin, 7 IS, 8 α-endosulfan, 9 p,p′-DDE, 10 dieldrin, 11 endrin, 12 β-endosulfan, 13 p,p′-DDD, 14 o, p′-DDT and 15 methoxychlor 
Entre-Douro-e-Minho CC4 a n.d
Trás-os-montes
Entre-Douro-e-Minho CC conventional farming carrot, OC organic farming carrot, CC4 a Nantes variety, CC4 b Baby carrot variety, OC6 a F1 variety, OC6 b Nantes variety, n.d. not detected or <LOD plot was constructed in triplicate (n03) for analysis of blank carrot samples fortified by the addition of standard solutions of the pesticides, at levels ranging from 10 to 140 μg kg
The response for all pesticides was linear in the concentration range, with a determination coefficient (R 2 ) higher than 0.996 based on the measurement of the analyte peak areas by GC-ECD.
The fortification studies and the matrix-matched calibration in this work were performed on carrots spiked prior to the QuEChERS extraction procedure and not in carrot extracts. For these studies were used levels in the range of those applied by other authors (5-500 μg kg −1 ) (Mezcua et al. 2009; Wong et al. 2010; Srivastava et al. 2011) . Accuracy data were provided by recovery experiments of spiked OCPs in carrot matrix at four levels of fortification (60, 80, 100 and 140 μg kg −1 ) with three replicates each.
The mean recoveries and RSD for the 14 OCPs at the four levels of fortification measured by GC-ECD are listed in Table 4 . Good recoveries (from 66 to 111 %) were obtained with relative standard deviations <15 %, for all the compounds with the exception of HCB.
The obtained values confirmed that the proposed extraction method is suitable for the determination of the residues of OCPs in carrots.
The ranges of LOD and LOQ in carrots for OCPs were from 0.93 to 3.38 μg kg −1 and from 3.09 to 11.28 μg kg −1 , respectively. Nonetheless, considering the maximum residue limit defined by the current legislation (MRLs are between 10 and 50 μg kg −1 ), the method was still fitted to purpose. In this paper, a simple and rapid method for the determination of OCPs in carrots has been developed and validated. The method showed good validation parameters and good recovery values. The obtained recoveries in the present research were in line with other studies, achieving recoveries in the range of 70 to 120 % (Zohair et al. 2006; Mezcua et al. 2009; Barriada-Pereira et al. 2010; Guan et al. 2010; Wong et al. 2010; Srivastava et al. 2011) , with the exception of the Barriada-Pereira et al. study where recoveries were slightly lower (32 to 108 %) (Barriada-Pereira et al. 2010) .
Because LODs and LOQs are matrix dependent, it is recommended to perform matrix-matched calibration for quantitative analysis for unknown samples in complex matrices such as fruit and vegetables (Guan et al. 2010) . In this study, the achieved LODs/LOQs were lower than those obtained by other authors (Sharif et al. 2006; Mezcua et al. 2009; Guan et al. 2010; Wong et al. 2010) , but similar to the average results obtained from 20 vegetables presented by Srivastava et al. (2011) .
Application to Real Samples
To further demonstrate the applicability of the proposed procedure, for the monitoring of these pesticide residues in carrots, 21 samples from different Portuguese agricultural regions (organic and conventional farming) were analysed. The obtained results are summarized in Table 5 . Due to HCB lower recoveries, a mean correction factor was used to give the corrected concentration present in the samples.
HCH isomers and p,p′-DDE were detected in the analysed carrots. The residues were found in samples produced by organic farming as well as by conventional farming. The p,p′-DDE and β-HCH were the most frequently detected residues. The other HCH isomers, α and δ, were also detected in the samples. Six samples showed OCP residues above the LOQs. Nonetheless, only one sample achieved a residue above the MRL (Fig. 3) ; this sample, belonging to Entre-Douro-e-Minho, had a concentration of 14.6 μg kg −1 of β-HCH, which can constitute a threat to human health. The other studied pesticides were not detected in the samples. From the seven studied regions, only Oeste region (samples CC2 and OC5) and an organic sample from Entre-Douro-e-Minho have obtained OCPs free carrots. The results obtained highlight the importance of monitoring on a regular basis the levels of OCPs in food to ensure food safety.
Conclusion
A modified and simplified QuEChERS approach has been evaluated for the determination of OCPs in carrots. The proposed method not only allowed simultaneous determination but also confirmation of a large number of OCPs. The introduction of a sonication step showed improvement in the recoveries due to an enhancement of the contact between the matrix and the extraction solvent.
The LODs were calculated in the 0.9-to 3.38-μg kg −1 level, and the recovery percentages were between 66 and 111 %, with the exception of HCB that achieved lower ), as well as the MS/MS spectrum in full scan mode of β-HCH m/z recoveries. In addition, the specificity, calibration curves, precision and reproducibility were tested successfully, demonstrating the suitability of this method for the 14 OCPs.
The results obtained from real samples showed that the method was appropriate for the monitoring of these pesticides. From the sample analysis, it can also be concluded that these compounds tend to be very persistent as they are still found although banned for decades. Indeed, monitoring the levels of OCPs in food in a regular basis has been proven to be quite important.
As a conclusion, this method applying QuEChERS sample preparation is a useful tool in routine analysis to ensure food safety at the levels required in EU MRL for carrots.
